In this letter we explore the environment of Pluto and Charon in the far infrared with the main aim to identify the signs of any possible dust ring, should it exist in the system. Our study is based on observations performed at 70µm with the PACS instrument onboard the Herschel Space Observatory at 9 epochs between March 14 and 19, 2012. The far-infrared images of the Pluto-Charon system are compared to those of the point spread function (PSF) reference quasar 3C454.3. The deviation between the observed Pluto-Charon and reference PSFs are less then 1σ indicating that clear evidence for an extended dust ring around the system was not found. Our method is capable of detecting a hypothetical ring with a total flux of ∼3.3 mJy at a distance of ∼153 000 km (∼8.2 Pluto-Charon distances) from the system barycentre.
small bodies was also suggested (Durda & Stern, 2000; Steffl et al., 2006) . The existence of such a ring was investigated by Steffl & Stern (2007) but observational evidence for the ring was not found. They placed a 3σ upper limit on the azimuthally averaged normal I/F of ring particles of 5.1×10
7 at a distance of 42 000 km from the Pluto-Charon barycentre. Boissel et al. (2014) derived an upper limit of 15 000 for the number of bodies smaller than 0.3 km at distances smaller than 70 000 km from Pluto's system barycentre. The impactor velocity of colliding bodies ranges from 10-100 m s −1 (Steffl & Stern, 2007) . Given that the escape velocities of Nix and Hydra are between 30 and 90 m s −1 , any material ejected from these bodies can escape from the satellites but cannot escape from the system (Pluto and
Charon escape velocities are ∼1200 and ∼500 m s −1 , respectively). Recently a ring system around the centaurs Chariklo (Braga-Ribas et al., 2014) was discovered and several indicators show that probably (2060) Chiron (Ortiz et al., 2015) harbours a ring system, too.
These suggest that dust rings around small bodies may be a common feature.
The existence of a dust ring around the system would also mean a hazard for NASA's 'New Horizons' probe (Stern, 2008) . The goal of the mission is to provide the first in situ exploration of the system, with a close fly-by in July 2015.
Visual wavelength range reflected light observations (Showalter et al., 2011 (Showalter et al., , 2012 taken with the Hubble Space Telescope (HST) are, however, not ideal for the detection of diffuse material in the Pluto-Charon system due to the very high brightness of Pluto and Charon and a possibly low surface brightness of the hypothetical ring. In the thermal infrared the contrast between the central object (star) and the surrounding material (debris disk) is higher than in the visual range, due to the very different spectral energy distributions (SEDs) of the two components. In the case of Pluto, the thermal infrared may still be beneficial in the case of dark grains in the hypothetical ring, like e.g. the ones found in the Uranus system (albedo of ∼6%, Karkoschka, 2001 ).
In this letter we investigate thermal emission (70 µm) images of the PlutoCharon system, taken with the Photodetector Array Camera and Spectrometer (PACS, Poglitsch et al., 2010) of the Herschel Space Observatory (Pilbratt et al., 2010) , in order to identify any extended emission, originating from sources other than Pluto and Charon themselves.
Diffuse dust structures like disks and rings modify the PSF of their parent sources, even if they cannot be fully resolved. Such partially resolved features -if bright enough -cause a broadening of the PSF of the source. This kind of broadening has been used to detect partially resolved debris disks with the PACS photometer in many cases (see e.g. Moór et al., 2015) . In the case of PACS, the 70µm band has the highest spatial resolution (FWHM of 5. ′′ 7), and also the SED of large grains peaks around this wavelength at the heliocentric distance of Pluto. In the case of smaller grains the temperature is higher than
Pluto's, causing a shortward shift of the peak of the SED, again favouring the shortest wavelength PACS band to detect it. The ratio of the fluxes from a disk/ring and Pluto is expected to be the highest in this band as well. Therefore we only use the 70µm band data in the following analysis.
Observations and data reduction
The PACS camera on board the Herschel observed the Pluto-Charon system multiple times. We used the light-curve measurement of Lellouch et al. ( proposal ID: OT2 elellouc 2, Lellouch et al. (2013 ) & Lellouch et al. 2015 , with correction factors of <0.3% to 3.2%. Then we followed the standard pipeline steps to eliminate the 1/f noise as described in Balog et al. (2014) using iterative masked high-pass filtering of the observational timelines with the photProject() task. For large scale extended emission studies the mapmaker algorithm JScanam is often more suitable, but in our case the structures are kept in the inner ∼30 ′′ of the source, so there is no need to use JScanam to deal with a broadened PSF. For more details see the mapmaker report of (Paladini et al., 2013) . We mosaic the images with 1.1 ′′ pixel sizes. As Pluto was moving relatively fast w.r.t. the sky reference frame (∼2.1 ′′ h −1 ), we constructed the final images in Pluto's co-moving reference frame for each individual OBSID. We also used temperature correction in order to eliminate effects caused by the telescope mirror temperature variations. We eliminated the slight pointing jitter by using the experimental tool that corrects the pointing based on the information provided by the gyroscopes of the satellite. To alleviate the effect of correlated noise we used the drizzle parameter of pixfrac = 0.2 (see Popesso et al., 2011 , for more details on the PACS photometer noise characterisation).
Thermal emission model of the Pluto-Charon system
The observed PSF of any object is a superposition of monochromatic PSFs over the wavelength range of the bandpass filter. The shape of the object's SED determines the observed PSF FWHM. Objects with high temperature have a decreasing SED in the PACS 70 µm band and monochromatic PSFs of the shorter wavelengths are dominant. A constant or rising SED at these wavelengths obviously leads to the dominance of longer wavelength PSFs, resulting in a broadened FWHM value with respect to e.g. that of a normal star. In the thermal infrared the SED of Pluto is, indeed, very different from that of a stellar photosphere, due to the very different temperatures. Calibration stars of the PACS photometers have temperatures of 3000 K or higher, while the surface temperature of Pluto and Charon are ∼50 K (Lellouch et al., 2011) . Even the bright minor planet Vesta, whose PSF was widely used in different Herschel applications (Lutz, 2012) , has a typical surface temperature of ∼200 K, notably higher than that of Pluto. The spectral index α of Pluto is ∼0.82, assuming a mean T b of 46.5K and 43K at 70 and 160 µm (Lellouch et al., 2013) ,
∂ log ν . For comparison, the spectral indices of a stellar photosphere and that of Vesta are ∼2 at this wavelength.
To exclude the possibility of misinterpreting the SED-broadened Pluto PSF as a signature of a ring, we have collected the observations of the quasar 3C454.3 1 which is known to have a spectral index of 0.88 ± 0.07 at 70 -160 µm (Wehrle et al., 2012) , very similar to that of Pluto. The reference PSF was created by combining the 42 observations of this target. The cosmological distance of 3C454.3 ensures that the region where its thermal emission originates from is small enough that it cannot be resolved by PACS at 70 µm, hence can be used as a low temperature point source reference PSF. Using this combined PSF a high-resolution PSF template with 0. ′′ 22 pixel size was created. This template is used in the following steps to construct the synthetic PSFs (see below). The combined quasar PSF has been compared with the combined PSF of the fiducial star and we found that the fiducial star PSF is obviously narrower (see Fig. 1 and Fig. C.1 ).
For each epoch a synthetic Pluto PSF was constructed using the combined quasar PSF as template. The synthetic Pluto PSF has two components, one corresponding to Pluto itself, the other describing the contribution of Charon (see Eq. 1). The relative positions of these two bodies were taken from the Horizons database, as listed in Table A .1 and as presented in Fig. A. 1. In the high spatial resolution model images the two sources are placed in these relative positions. The relative contribution of Pluto and Charon to the total flux are characterised by the X ratio:
where F q is the normalised synthetic quasar PSF and x 0 and y 0 are the offsets of Charon's position w.r.t. Pluto. The original, high resolution image is convolved with the synthetic quasar PSF to obtain an "observable" model PSF. Due to the rotational variability of the surface of Pluto and Charon, the relative strength of the thermal fluxes cannot be determined very accurately, but their ratio is close to 2:1 or 3:1 depending on the model of their thermal properties (Lellouch et al., 2011) . In our investigation we used both ratios, i.e X=0.67 and X=0.75, respectively. The radial intensity profiles of the synthetic Pluto+Charon PSFs agree with each other very well, indicating that the position and relative contribution of Charon to the total flux of the system has a minor effect on the intensity profile. This is mainly driven by the fact that Charon is very close to Pluto (0. ′′ 6-0. ′′ 8) compared to the size of the PSF in this band (5. ′′ 7). In this respect, the difference observed between the radial intensity curves of the individual Pluto observations should mostly be attributed to measurement uncertainties. Therefore we constructed a mean measured (MM) radial intensity curve of the 9 Pluto measurements, using equal weights in the case of all measurements (note that the integration times and other conditions were the same for all measurements).
The agreement of the model and observed curves are characterised by the reduced χ 2 -value:
where N is the number of data points, N DOF is the degrees of freedom, y 
Intensity profile results
When the MM curve of Pluto is compared with the mean synthetic (MS) curve of the 9 epochs, we obtain a difference with a low level of significance (0.8σ) between radial distances 0 ′′ -22 ′′ . This shows that the observed Pluto PSFs are very similar to the synthetic ones and that we are not able to detect any extended emission feature around Pluto, i.e. there is no obvious evidence for the existence of a notable dust ring in the Pluto-Charon system. It is, however, an important question, what the total brightness of such a hypothetical disk/ring could be that would still be detectable with our method. To test this, we constructed a set of model images, in each case placing a ring in addition to the contributions of Pluto and Charon, as described above. The moons of the Pluto system seem to revolve in a well-defined plane, hence any stable ring/disk is expected in this plane with the highest probability (Nagy et al., 2006) . We model the ring as a surface brightness enhancement around a specific distance (r 0 ) from the barycentre of the Pluto-Charon system in the midplane of the moon system (tilted w.r.t. the line of sight by an orientation angle of 61 • ), assuming a Gaussian intensity profile in the surface brightness distribution.
The parameters characterising the surface brightness of the ring are (i) r 0 , the distance of the ring from the barycentre, (ii) the width of the Gaussian ∆r and (iii) F r , the total flux density of the ring. We constructed model images using these parameters in the range F r = 0-60 mJy, r 0 = 2.55×10 4 -1.53×10 5 km (1. ′′ 1-6. ′′ 6) and ∆r = 1.16×10 4 , 1.74×10 4 and 2.32×10 4 km (0. ′′ 5, 0. ′′ 75 and 1. ′′ 0). For each model we calculate the χ 2 r of the difference. The F 0 (ring excess) dependence of the χ 2 r values corresponding to the 1σ and 3σ significance levels are presented in Fig.2 , where σ is the standard deviation of the χ 2 distribution. Fig. 2 shows that our method is the most sensitive at higher radial distances, and the detection probability also depends on the X flux ratio. In the case of rings close to Pluto the detection limit is significantly higher. E.g. at the distance of Charon, we would only be able to detect a ring with ∼100 mJy excess, therefore we are not able to constrain the presence / lack of a ring within or close to the orbit of Charon. The lowest detection limit belongs to X = 0.67 with ring distance of 6. ′′ 6, in this case F(1σ) = 1.8 mJy and F(3σ) = 3.3 mJy.
A possible dust ring around the Pluto-Charon system is expected to be in the region where the satellites exist. We assume that the most realistic model is where X=0.67, r 0 = 2. ′′ 2 (5.1×10 4 km) and ∆r = 1. ′′ 0 (2.32×10 4 km). In this case the ring is centered at a distance between Kerberos and Nix and the ring ∆r also models an extended feature of which 58% exists inside the orbit of the Pluto satellites. The results show that for this ring configuration, we obtain F 0 = 6.0 and 10.8 mJy for the 1σ and 3σ significance levels, respectively. This implies that the detection probability for this geometry is ∼68% for a ring with 6.0 mJy total flux density and 99.7% with 10.8 mJy.
Discussion
Our method presented above is able to detect infrared excess from a ring according to Fig.   2 . Any calculation that wants to derive dust surface density or impactor mass based on this excess has to rely on assumptions on the type, spatial and grain size distribution of the dust.
Assuming that the material of our hypothetical ring is dominated by grains which are in thermal equilibrium with the solar radiation, we can give a rough estimate of the mass of this ring. Considering a black body temperature of T d = 278.3 × (r/1[au]) −1/2 = 48.9K (Kennedy & Wyatt, 2011) and an absorption coefficient of κ abs = 5.96 m 2 kg −1 at 70 µm (Li & Draine, 2001) we can estimate the dust mass according to Eq. 2 below:
where ∆ is the distance to the observer and B ν (T d ) is the Planck function. Applying Eq.
2 to the most realistic case put forward in Section 4, the 3σ flux limit is 10.8 mJy and we obtain a total disk mass of 2.5×10 10 kg, equivalent to the mass of a ∼340 m-sized small body assuming an average density of ρ = 1.2 g cm −3 .
The flyby of New Horizons is planned to take place inside the Charon orbit. Taking the maximum separation of 0. ′′ 85 between Pluto and Charon we calculated the fraction of mass and the corresponding surface density for the area between the two objects. The fraction of the total ring dust mass located within 0. ′′ 85 is 4.3×10 −4 (1.1×10 7 kg). This corresponds to a surface density of 8.7×10 −10 g cm −2 and an impactor mass of ∼8.7×10 −5 g. This is very similar, only ∼10 % lower, than the impactor mass of 10 −4 g, obtained by Steffl & Stern (2007) based on Hubble Space Telescope observations. We note that a thinner ring with the same brightness would result in a significantly lower impactor mass.
Summary
In this paper we searched for far-infrared signatures of a possible dust ring around the Pluto-Charon system. We found no clear observational evidence for a dust ring but we were able to put model-dependent upper limits on the possible amount of dust emission that could remain undetectable by our method. For a realistic ring configuration we put a 3σ upper flux density limit of 10.8 mJy at 70 µm. This corresponds to a surface density of 8.7×10 −10 g cm −2 in the region between Pluto and Charon. Our estimated impactor mass for the New Horizons flyby is very similar (∼ 10% lower) to the previous results of Steffl & Stern (2007) and suggests that the satellite will not be endangered by particle collisions. 
